Our aim is to clarify the regulation of vascular endothelial growth factor (VEGF) production via mitogen-activated protein kinase (MAPK) induced by low level laser therapy (LLLT) in human granulosa cells. Methods: A human granulosa cell line, KGN cells, were cultured and incubated after LLLT (60mW, GaAlAs 830nm). The levels of VEGF in the culture media were determined by an enzyme-linked immunosorbent assay. The activation of MAP kinase in KGN cells was detected by western blot analysis. Results: VEGF production was significantly increased by LLLT in a time-dependent manner. MAP kinase activity was increased by LLLT. In addition it was enhanced by LLLT and follicle-stimulating hormone (FSH) stimulation.
Introduction
It has been demonstrated that low level laser therapy (LLLT) is used to clinical therapy for various conditions including treatment of wounds, chronic pain, inflammation and infections [1] [2] [3] [4] . LLLT promotes photobiomodulation, including stimulatory or inhibitory effects. One of the proposed mechanisms of LLLT involves the absorption of photons by intracellular chromophores and the production of reactive oxygen species (ROS), which in concentrations below the cytotoxic level has positive stimulatory effects on the cell 5, 6) .
We have reported that high concentrations of vascular endothelial growth factor (VEGF) are present in the follicular fluid 7) , although the details of the regulation or modulation of VEGF in the follicles have not been clarified. VEGF is a 45-kDa disulfide-linked homodimeric glycoprotein that has been shown to be mitogenic for endothelial cells in vitro, angiogenic in vivo, and more potent than histamine in inducing microvascular permeability 8, 9) . The formation of a dense capillary network (angiogenesis) in the ovaries is believed to help provide the hormone-producing cells with the oxygen, nutrients and precursors necessary to synthesize and release different hormones essential for maintenance of the ovarian functions. We hypothesized that the rapid ovarian activation by LLLT may contribute to VEGF production from the granulosa cells. The purpose of this study is to clarify the physiological role of the LLLT on the mitogen activated protein kinase (MAPK) and /or extracellular sig-ORIGINAL ARTICLES Y Kawano, ET AL nal regulated kinase (ERK) -induced production of VEGF by KGN cells.
Materials and Methods

Reagents
Ham F-12 cell culture medium was purchased from Gibco-BRL (Gaithersburg, MD, USA), and Dulbecco's minimal essential medium (DMEM) from Nissui Pharmaceutical Co. (Tokyo, Japan). Fetal calf serum (FCS) was obtained from HyClone (Logan, UT, USA), and recombinant follicle-stimulating hormone (FSH) from R&D Systems (Minneapolis, MN, USA).
Cultured granulosa cell line (KGN)
We used an immortalized granulosa cell line (KGN) that was established at the Kyushu University, School of Medicine as described previously 10) . KGN cells were cultured in an equal volume of Ham F-12 and DMEM (1:1, v/v) supplemented with 10% heat-inactivated FCS with penicillin (100 IU/ml) (Gibco-BRL) and streptomycin (100 mg/ml) (Gibco-BRL). Cells were plated in culture dishes (12-well plates) and were allowed to replicate to confluence. The cells were then placed in the same serum-free medium for 24 h before initiating stimulation with LLLT. After the desired length of stimulation, the culture media were collected and stored at -80°C for quantification of VEGF.
Measurement of VEGF
To investigate the production of VEGF by KGN, 1×10 5 cells were plated on 3cm culture plates (Corning, New York, NY, USA) in 1 ml of culture medium with 10% FCS and cultured until they were fully confluent. The supernatant was replaced with fresh serum-free medium and LLLT irradiation was performed. The supernatant was collected at 24 h after treatment and stored at -20 degrees until assay. Experiments were performed in triplicate plates, and each protocol was repeated three times.
VEGF concentrations were determined in the supernatants using a commercially available enzymelinked immunosorbent assay (ELISA; R&D Systems). The used antibody recognizes primarily VEGF 165. The sensitivity of the assay for VEGF was 15.0 pg/ml. The inter-and intra-assay coefficients of variance for the ELISA were 7.4% and 5.5%, respectively.
Protein preparation of KGN and Western immunoblotting analysis (ECL-WB)
To investigate the intracellular signal transduction sys-tem in KGN, 1×10 6 cells were plated on a 100 mm dish (Nalgene Nunc, Rochester NY, USA) in 10 ml of culture medium with 10% FCS and cultured until they were fully confluent. The supernatant was replaced with fresh culture medium containing FSH or vehicle control. At the end of the culture period, the KGN cells were washed twice with cold PBS without calcium or magnesium, harvested, pelleted, and lysed in ice-cold buffer containing 10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM ethylenediaminetetraacetic acid (EDTA; pH 8.0), 0.1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM dithiothreitol (DTT), 0.5 mM phenylmethanesulfonyl fluoride (PMSF), and 0.3 µg/ml leupeptin. The cell lysate was centrifuged for 10 min at 3,000 × g in order to pellet the nuclei. The supernatant fractions were collected and centrifuged for 10 min at 10,000 × g. The protein content was determined using a micro bicinchoninic acid protein assay (Pierce, Rockford, IL, USA) with bovine serum albumin (BSA) as a standard. The lysate was mixed with loading buffer [200 mM Tris-HCl (pH 7.9), 7% sodium dodecyl sulfate (SDS;
and heated at 95°C for 10 min. In each sample, 10 µg of protein was applied per lane. The blotted membranes were blocked in phosphate buffered saline (PBS) containing 5% skim milk (Difco, Detroit, MI, USA) for 1 h at room temperature and washed with three changes of Tris-buffered saline (TBS; 20 mM Tris, 137 mM NaCl, pH 7.6) buffer containing 0.1% Tween 20 for 15 min at room temperature. The blotted membranes were then incubated and reacted overnight with 1:1,000-diluted primary antibody [human phospho-p44/42 MAP kinase antibody and p44/42 MAP kinase antibody, rabbit polyclonal immunoglobulin G (IgG; Cell Signaling Technology, Beverly, MA, USA) and human glyceraldehyde-3-phosphatedehydrogenase (GAPDH) antibody, (IgG, Ambion Austin, TX, USA)] in TBS containing 5% BSA at 4°C. After washing with three changes of TBS containing 0.1% Tween 20, the blotted membranes were incubated and reacted with 1:2,000-diluted peroxidase-conjugated secondary antibody (anti-rabbit immunoglobulin g or µ chain; Jackson Immunoresearch Laboratories, West Grove, PA, USA) in TBS containing 5% BSA for 1 h at room temperature. After washing with four changes of TBS containing 0.1% Tween 20, Lumi GLO from a Phototope-HRP Western Detection Kit (GE Healthcare UK, Ltd., Buckinghamshire, England) was added to the blotted membranes and reacted for 1 min. The membranes were then covered with plastic wrap and exposed to X-ray film (GE Healthcare UK Ltd.) for 1 to 2 min.
Statistical analysis
Data are presented as the mean±SD and were analyzed using the Bonferroni/Dunn's test with Stat View 4.5 software (Abacus Concepts, Berkeley, CA, USA). A value of p < 0.05 was considered to be statistically significant.
Results
Detection of MAP kinase phosphorylation by LLLT
To investigate the effects of LLLT in MAP kinase activation, western immunoblot analysis was performed to determine the signal transduction pathways during stimulation by LLLT (60mW, GaAlAs 830nm, 60sec irra-diation). The activity of both the ERK-1 and ERK-2 isoforms was increased by treatment with LLLT for 5 to 15 min, but the increase was attenuated thereafter (Fig.  1A) . The bands were quantified as shown in Fig. 1B . LLLT caused a rapid, time-dependent phosphorylation of both the p44 and p42 isoforms of ERK.
To investigate the effects of FSH in LLLT, western immunoblot analysis was also performed to determine the signal transduction pathways during stimulation with LLLT. The activity of both the p44 and p42 isoforms of ERK was increased by LLLT for 5 to 15 min with FSH, but the increase was attenuated thereafter (Fig. 2A) . The bands were quantified as shown in Fig.  2B . LLLT caused a rapid, time-dependent phosphorylation of both the p44 and p42 isoforms with FSH stimulation.
MAPK is induced by LLLT in human granulosa cells 271 available at www.jstage.jst.go.jp/browse/islsm ORIGINAL ARTICLES Figure 1 : Detection of both ERK-1 and ERK-2 phosphorylations by LLLT was indicated. The bands of ERK-1, ERK-2, and GAPDH were detected at the molecular weights of 42, 44, and 37 kd, respectively. Neither ERK-1 nor ERK-2 was activated byLLLT, but the activity of both was induced by LLLT for 5-30 min. The bands were quantified as shown (B). The data are shown the results of three separate representative experiments.
Figure 2:
Synergistic effect of FSH on the phosphorylation of both ERK-1 and ERK-2 by LLLT was indicated. The bands of ERK-1, ERK-2, and GAPDH were detected at the molecular weights of 42, 44, and 37 kd, respectively. Phosphorylation of both ERK-1 and ERK-2 induced-by FSH was enhanced by LLLT. The data are shown the results of three separate representative experiments. 
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VEGF production by LLLT
The concentration of VEGF in the culture medium without KGN was below the level of detection. An increase in VEGF concentration was evident in cell supernatants during incubation without stimulation. When KGN cells were treated with LLLT irradiation for 5 min, an increase in VEGF production was observed (Fig. 3) for 24 h incubation.
Discussion
The effects of therapeutic laser in photobiostimulation and its use in the medical field are intensively discussed. It also considered that continuous wave irradiation of visible red and near infrared laser light activates a cascade of photochemical reactions in the cells, but the mechanisms are not yet well described. It has been reported that LLLT has been believed to modulate various biological effects 11, 12) , such as increasing mitochondrial respiration and ATP synthesis 13) , facilitating wound healing 12) and promoting the process of skeletal muscle regeneration and angiogenesis [14] [15] [16] . It was recently shown that LLLT induces synthesis of cell cycle regulatory proteins in satellite cells from skeletal muscles in order to activate the early cell cycle regulatory genes 17) . It has been demonstrated that MAPK/ ERK cascades were also activated by LLLT 18) .
Recently, LLLT has been used to the infertile patients in area of reproductive medicine. This therapy is proposed to be effective and impressive results to improve the pregnancy rate. Oshiro et al. 19) has been reported that pregnancy was achieved in 156 of 701 patients (22.3%) with 79 live deliveries (50.1%) by LLLT. Considering the effect of LLLT to the infertile patients, the potential importance of this improved systemic blood flow on improving the chance of an infertile subject to become pregnant was well argued by previous report 20) . However, the mechanism of the improvement of ovarian function by LLLT has been unclear in detail. The fundamental function of the ovarian follicles including granulosa cells is to produce a fertilizable oocyte and to function as an endocrine or paracrine organs, which produce sex steroid hormones including estradiol-17ß and local factors such as VEGF, during its maturation 21) . Up to now, little research has also been done concerning the effect of LLLT on signal transduction systems on granulosa cells. Thus, the effect of LLLT at 830 nm was investigated on human granulosa cells.
In the present study, to elucidate the mechanism of promotion of granulosa cell function by Ga-Al-As laser irradiation, we focused on MAPK activation and investigated its effects on VEGF production by KGN. MAPK/ERK is activated by growth factors, peptide hormones, and neurotransmitters. We demonstrated that MAPK/ERK was activated by LLLT in KGN, and this activation was enhanced by FSH stimulation. It was reported that activation of MAP kinase induced by FSH was dependent on activation of protein kinase A via G protein of FSH receptor by granulosa cells 22) . These results indicate that FSH directly activates MAPK, because FSH act via its own G protein coupled receptor. Moreover, we have previously reported that MAPK was induced by epidermal growth factor (EGF) family, such as heparin-binding-EGF or amphyregulin involving EGF receptor activation, which led to cause to VEGF production 23) . The fact that LLLT enhances FSHinduced ERK activation may suggest to contribute to activation of ERK instead of local factors such as EGF family or other substances which is believed to enhance this phenomenon. As a result, these activation led to increasing production of VEGF.
VEGF is thought to be involved in folliculogenesis and the ovulatory process. We have reported that high levels of VEGF are present in the human follicular fluid of IVF patients 9) . The VEGF in the follicular fluid of preovulatory follicles seems to diffuse toward the outer layers and create an angiogenic gradient in the theca layer that attracts blood vessels towards the granulosa layer 24) .
It was demonstrated that accumulating high levels of VEGF in follicular fluid result in a significantly Y Kawano, ET AL Figure 3 : Treatment of KGN for 24 h culture by LLLT led to an increased production of VEGF. The production of VEGF was significantly increased compared with that of the controls (p < 0.05). The data are shown the results of three separate representative experiments and presented as the mean±SD.
denser vascularization of the porcine follicle wall 25) . A rapid increase in permeability around the time of ovulation, attributable to the interaction of VEGF and prostaglandins, could facilitate the formation of the follicular fluid and the rapid swelling of the follicle that occurs in response to the gonadotropin surge. Moreover, VEGF, which is thought to stimulate of some proteolytic enzymes and plasminogen activators in endothelial cells 26, 27) , may structurally weaken the follicle wall prior to its rupture. These enzymes are thought to be involved in ovulation originating from the granulosa cells and/or the fibroblasts of the theca layer. These processes may demonstrate a possible role for VEGF in ovulation. It was demonstrated that VEGF was produced other cell type 28) .
Although the mechanism of ERK activation by LLLT in upstream of this signal transduction is unclear in detail, our results may contribute to the general idea that LLLT promotes VEGF production through MAPK/ERK signal pathway. It was reported that a photobiological reaction involves the absorption of a specific wavelength of light by the functioning photoreceptor (photoacceptor) molecule. The four types of possible reactions are proposed 11:10) . One of these possible mechanism is that LLLT caused to ligand-free dimerization of specific receptors leading to their autophosphorylation and downstream effect 11, 18) .
Other possibility is that LLLT has been suggested to increase the production of ROS 29) , that have been show recently to activate signal transduction pathways and cell proliferation 30) . These possibility was previously reported in skeletal muscle 18) or kidney fibroblast cell (COS-7) 31) .
It can be inferred that a certain mechanism of autophosphorylation may be present in the cell, however, we cannot demonstrate these detail mechanism. It has been believed that biological responses of cells to visible and laser irradiation occur due to physical and/or chemical changes in photoacceptor molecules. The primary physical and/or chemical changes induced by light in photoacceptor molecules are followed by a cascade of biochemical reactions in the cell.
In conclusion, LLLT acts the MAPK/ERK signals and they were enhanced by FSH. This activation led to cause the VEGF production. These reactions are speculated to be connected with changes in cellular homeostasis parameters. A limitation of our study by LLLT is that we only showed intracellular function of granulosa cells such as MAP kinase phosphorylation, but not oocyte qualities. This paper is the first one described the effects of LLLT to ovarian function in-vitro. However, further study will be needed to demonstrate the effects of LLLT in intracellular mechanism of both granulosa cells and oocytes.
